Conducted vasomotor responses are important for the efa role in distributing perfusion in response to alterations in supply. ᭧ 1998 Academic Press fective distribution of blood flow, although the mechanism by which these responses are initiated is not well underKey Words: ATP; conducted vasomotor responses; vasodilation; red blood cells; striated muscle; hamsters. stood. ATP, a substance which is released from circulating red blood cells in response to low P O 2 and low pH, two conditions which are associated with decreased supply rel-
INTRODUCTION ative to demand, has been shown to initiate conducted vasodilation following its intraluminal application in first
Blood flow must be finely regulated for the mainteand second order arterioles. Since such low P O 2 and low nance of tissue homeostasis. The precise matching of pH conditions would most likely occur on the venous side oxygen supply to demand requires that there be a of the vasculature, we evaluated the response of the arteriomeans of communicating tissue needs to its vascular lar and capillary networks to application of ATP into vesupply. We have previously suggested that the red nules in the Saran-covered hamster cheek pouch retractor blood cell (RBC) may serve a role in communicating muscle using in vivo video microscopy. Intraluminal applitissue requirements to the supplying vasculature by recation of 40 and 400 pl of 10 06 M ATP resulted in doseleasing ATP in response to low P O 2 and low pH (Bergdependent increases in arteriolar diameter ú450 mm up- feld and Forrester, 1992; Ellsworth et al., 1995) . RBCs stream from the site of application. These changes in artericontain millimolar amounts of ATP (Miseta et al., 1993 ) olar diameter were accompanied by significant increases which is produced in the circulating red blood cell by in red blood cell flux. In capillaries, red blood cell flux membrane bound glycolytic pathways. McCullough et doubled in response to ATP administration. Since showed that micropressure application of mipreviously determined to be involved in the vascular recromolar amounts of ATP into first and second order sponse to intraluminal ATP in arterioles, we evaluated its arterioles resulted in a significant conducted vasodilarole in these responses. We found that systemic administion observed in the same arteriole as far as 1750 mm tration of L-NAME prior to ATP application eliminated any upstream from the site of application. Since, in the miconducted response and this effect of L-NAME was recrovasculature, low P O 2 and low pH are more likely to versed by the systemic administration of L-arginine. These exist in the collecting venules, RBCs would be most data suggest that ATP, which is released from red blood likely to release ATP in this region. Therefore, it is imcells in response to low P O 2 and low pH, conditions which would be found in the venular microvasculature, may serve portant to determine if ATP applied into these vessels would similarly produce an increase in vascular caliber lamp (75 W) with a stabilized power supply to provide constant light intensity. The microvasculature was in the feeding arterioles, resulting in an increase in flow. For such a response to be conducted to the arteriole, viewed with a video microscopy system which consisted of a Zeiss Axioskop microscope equipped with the interposed capillary network must be traversed.
Using the hamster retractor muscle as a model, we long working distance objectives (UD20/0.57 and UD40/0.65). The microscope image was visualized and investigated the hypothesis that ATP administered into a second order venule would elicit vasodilation of anarecorded using a high-resolution, closed circuit video system consisting of a CCD camera (Model CCD-72 tomically connected second order and terminal arterioles and that this vasodilation would be accompanied with the image intensified using a Genisys II system, Dage MTI), video monitor (Sony, PVM-137), S-VHS by increases in perfusion in these arterioles as well as the intervening capillary network. In addition, we also video cassette recorder (Panasonic, AG-1970) , and a time-date generator (Panasonic, WJ-810). The microinvestigated the hypothesis that the effects of ATP on vascular caliber and flow involve NO as suggested prescope was also equipped for epifluorescence using a mercury lamp (100 W) with a stabilized power supply viously by us (McCullough et al., 1997) and others (Kaley and Koller, 1995) .
and filter combination containing a 535-to 550-nm interference filter and a 580-nm barrier filter.
MATERIALS AND METHODS

Red Blood Cell Flux Determinations
Fluorescently tagged hamster red blood cells were
Animal Preparation
used to determine red blood cell flux. Labeled cells were prepared as described by Sarelius and Duling Male Golden hamsters (74.6 { 17.2 g, 32 { 6 days, N Å 36) were initially anesthetized with sodium pentobar-(1982) with X -rhodamine -5 -(and -6) -isothiocyanate (XRITC). In brief, blood was collected from an anesthebital (6.5 mg/100 g body wt ip) and tracheotomized with PE160 tubing to ensure a patent airway. The anitized donor hamster by cardiac puncture, using a heparinized 5-cc syringe and 20-gauge needle. The blood mal was allowed to breathe room air spontaneously. For the continuous monitoring of systemic arterial was washed using a Tris-buffered Ringer solution of the following composition (in mM): 140.5 NaCl, 4.7 KCl, blood pressure, a femoral artery was cannulated with PE10 tubing. A femoral vein was likewise cannulated to 2.0 CaCl 2 , 1.2 MgSO 4 , and 21.0 THAM; 300 mOsm. The packed red blood cells were then added to a solution enable continuous infusion of supplemental anesthetic (sodium pentobarbital, 0.15 mg/min) and for drug adof 100 mg/ml XRITC (Molecular Probes) in the Trisbuffered Ringer solution, pH 8.0 -8.1, and incubated at ministration.
The cheek pouch retractor muscle was prepared as room temperature for 1.5 h. The cells were washed several times in Tris-buffered Ringer solution, pH 7.4, to described by Sullivan and Pittman (1982) . Briefly, a small incision made in the skin of the back allowed eliminate excess dye. Aliquots of labeled red blood cells were administered systemically to achieve approxiaccess to the cheek pouch retractor muscle, which was detached at its distal end and positioned ventral side mately a 0.1 to 1% labeled cell ratio depending on the portion of the microvasculature being studied. The cells up at its in situ dimensions on a transparent platform. The muscle, which remained stationary throughout the were allowed to circulate for at least 30 min to achieve a uniform distribution. The fraction of labeled cells ( f ) experiment, was covered with Saran (Dow Corning) to impede the exchange of oxygen with the atmosphere was determined at the end of the experiment by manual counting. The frequency of passage of labeled cells (N l ) and prevent fluid loss. Deep esophageal and muscle temperatures were monitored and maintained at 37 { was determined by replaying video tapes of epifluorescent microscope scenes. The total red blood cell flux 1ЊC by separate heat exchangers within the animal platform. The muscle was transilluminated using a xenon (i.e., the number of RBCs crossing an observation line across the lumen per second, N RBC ) was calculated as paring the results to the weight of a known volume of
the same fluid. The diameters of secondary and terminal arterioles and red blood cell flux responses in second order arterioles, terminal arterioles, and capillaries
General Protocol
were observed on the video monitor and recorded on video tape for subsequent analysis. Vessel diameters A glass pipette with a tip diameter of 1 -2 mm was were measured directly from the video monitor using back-filled with a solution of magnesium ATP (10 06 M; a vernier caliper to compare the vessel image size to a Sigma, St. Louis, MO) dissolved in the Tris-buffered videotaped stage micrometer. Baseline diameter and Ringer solution, pH 7.4. Vehicle controls were run using flux measurements were obtained during the 5 s immepipettes filled with the same Tris-buffered Ringer soludiately prior to administration of the test solution (i.e., tion alone. A hole was made in the Saran by piercing either ATP or control solution). Since changes in diameit with a probe with a tip diameter of 3 -4 mm attached ter and red blood cell flux could not be made simultaneto a micromanipulator. A pipette tip was then passed ously, we first determined the time of maximal diamethough the hole and positioned within the venular luter change and then added 1 s to the start and end of men (Fig. 1) . The Saran sealed itself around the pipette the response to obtain the time frame for determination minimizing the effect of atmospheric oxygen on the of the maximal flux response. For determination of red vessel. A site on an arteriole which was anatomically blood cell flux in capillaries, we used as a reference time connected to this venule was visualized and videotaped the point of maximal diameter change in the terminal for 2 min prior to application of the test solution. The arteriole. The distance was measured from the site of shortest distance between the measurement site and the test solution application in the collecting venule to the application site was at least 450 mm. The solution was region that was observed on the second order arteriole, ejected from the pipette using a Picospritzer II (General terminal arteriole, or capillary network. In addition, we Valve Corporation, Fairfield, NJ) at a pressure of 10 psi determined the shortest distance between the applicafor durations of either 50 or 500 ms which corresponds tion site and measurement site enabling us to evaluate to volumes of 40 and 400 pl, respectively. The volumes were determined by weighing 100 ejections and comthe impact of diffusive transfer of ATP.
Role of NO in Vascular Response to ATP
dose-dependent vasodilation of second order arterioles measured 591 { 63 mm (range 450 -655, N Å 17) and 587 In 26 hamsters, the nitric oxide synthase inhibitor, { 66 mm (N Å 15) upstream from the site of application, N v -nitro-L-arginine methyl ester (L-NAME; 0.4 mg/100 respectively. In these arterioles, diameter increased g body wt iv: Sigma) was administered systemically 10 from 33 { 4 mm (range 27 -40 mm) to 36 { 4 and 37 { min before injecting ATP. In these animals, the response 4 mm for the two ATP application volumes, correspondto ATP was determined on the same vessels prior to ing to increases of 9 { 2% (range 5 -13%) and 12 { 2% and following administration of L-NAME. To confirm (range 9 -16%), respectively (Tables 1 and 2 ; Fig. 2) . The that the effect of L-NAME was related to its ability to maximal change in diameter was observed 12 { 2 s act as a competitive inhibitor of NO synthesis, in 8 ani-(range 8 -16 s) and 12 { 3 s (range 8 -16 s) following mals we administered L-arginine (50 mg/100 g body wt application of ATP for the two doses. These changes in iv: Sigma) 50 min prior to administration of L-NAME. In diameter were accompanied by significant increases in these animals, the vascular responses to 10 06 M ATP red blood cell flux of 48 { 9% (range 25 -60%, N Å 11, were first obtained in the absence of L-arginine and Ln Å 15) and 63 { 9% (range 47 -74, N Å 10, n Å 14), NAME. L-Arginine was then administered and the data for applications of 40 and 400 pl, respectively. were again collected 30 min later using the same vesIn response to administration of 40 pl of 10 06 M ATP, sels. Finally, after L-NAME administration, an additerminal arteriolar diameters (N Å 11) increased from tional response to ATP was obtained using the same 8 { 1 mm (range 6 -9 mm) to 9 { 1 mm (range 7 -10 vessels.
mm) representing a change of 9 { 3% (Table 1 , Fig. 3 ). The response to 400 pl of the same concentration of
Data Analysis
ATP was significantly greater with diameter increasing The maximal change in vessel diameter was com-13 { 1% (range 11 -16%, Fig. 3 , Table 2 In addition to the measurements of arteriolar diamemals; n denotes number of observations with 1 to 3 ter and flow, we also determined the effect of 10 06 M measurements obtained on each arteriole or capillary.
ATP on capillary red blood cell flux (Tables 1 and 2 ). To assess statistical significance we used an analysis of We found that the response was not different for the variance followed by a Wilcoxon sign rank test to evalutwo application volumes so the data have been comate the change in diameter following each application bined for analysis and presentation (Fig. 4) . Baseline and to compare the effect of ATP concentration and Lred blood cell flux was 6 { 3 cells/s (range 0 -11, N Å NAME administration. All data analysis was done us-13, n Å 227). Following application of ATP, we observed ing a statistical software package (Instat, Graph-Pad a significant increase to 11 { 4 cells/s (range 2 -19 cells/ Software, San Diego, CA). Significance was assigned at s), an increase of 91 { 44% (range 0 -200%).
Systemic administration of L-NAME resulted in a significant increase in mean arterial blood pressure from 97 { 9 to 111 { 8 mm Hg with no effect on baseline RESULTS arteriolar diameters or fluxes. All conducted vasodilatory and red blood cell flux responses to 10 06 M ATP Application of 40 and 400 pl of 10 06 M ATP into second order collecting venules resulted in a significant were eliminated. However, in the presence of an excess 
Note. Numbers in parentheses denote the number of observations with one to three obtained on each arteriole or capillary. Values are means { 1 SD. * Significant difference from baseline value. ** Significant difference from 500 msec application (Table 2) .
of systemically administered L-arginine, systemic LIntraluminal applications of 40 and 400 pl of the control vehicle (Tris-buffered Ringer) either alone or following NAME had no effect on the conducted diameter and flux responses to intraluminal application of 10 06 M the systemic administration of L-NAME did not alter either conducted vessel diameter or red blood cell flux. ATP. Systemic administration of L-arginine alone had no effect on the vasodilatory response or the increase in red blood cell flux seen following application of 10 06 DISCUSSION M ATP. The inclusion of experiments in which the effects of L-NAME were prevented by the administration of L-arginine was essential in light of reports that argiIn striated muscle, the delivery of appropriate amounts of metabolic substrate and removal of metanine analogs may have actions unrelated to inhibition of the formation of NO (Buxton et al., 1993; Cocks and bolic waste products requires that the tissue be appropriately perfused. To ensure this, some mechanism Angus, 1991; Peterson et al., 1992) . However, such effects of L-NAME would not be expected to be prevented must exist to communicate tissue needs to the vasculature. When oxygen demand exceeds supply, a low by administration of L-arginine (Buxton et al., 1993; Cocks and Angus, 1991) .
P O 2 and low pH environment results which should in- duce an increase in blood flow. We have demonstrated fourth power of the radius. Therefore, a 9% increase in that venular application of a molecule released from diameter should result in a calculated 19% increase in red blood cells under conditions of low P O 2 and low flow. However, since the responses are conducted, the pH results in both an increase in arteriolar diameter change in red blood cell flux would be even greater and red blood cell flux in both second order arterioles than that predicted by Poiseuille's law as proposed by and terminal arterioles. In addition, red blood cell flux Segal and Duling (1987) and demonstrated previously in capillaries also increases significantly. These results by Friebel et al. (1995) and Kurijiaka and Segal (1995) . support the idea that the red blood cell may serve as
In the present study, we demonstrate that ATP applied an important regulator of striated muscle perfusion. In into the venule results in increases in red blood cell an earlier study, Berg et al. (1997) demonstrated that flux in secondary and terminal arterioles of 63 and 50% stimulation of individual striated muscle fibers induced for 400 pl applications, respectively, similar to that suga significant increase in blood flow only in those vessels gested by Segal and Duling (1987) . In the capillaries, directly associated with the stimulated fibers. Our rered blood cell flux almost doubles. Although this insults presented here would provide a mechanism encrease in capillary red blood cell flux is statistically abling this level of the fine control of blood flow distrilarger than that seen in the second order and terminal bution providing additional flow only to the fibers arterioles, we suspect that the difference is not physiowhich are metabolically active.
logically relevant but rather is a consequence of the On the surface, changes in vessel diameter of 9 -12% small number of labeled red blood cells traversing the may seem small. However, according to Poiseuille's capillaries in the short time period measured. The large standard deviation associated with this percentage law (Milnor, 1982) , blood flow is influenced by the change value would support such a presumption. Haas and Duling (1997) . The ability of capillaries to conduct signals has been reported previously (Dietrich Clearly, red blood cell flux increases significantly in both the arterioles and the capillaries in response to and Tyml, 1990; Song and Tyml, 1993) . The results presented here are unique in that they demonstrate that a ATP application into the secondary venule.
Conducted vasomotor responses, defined as vascular venular signal can be conducted across the capillary bed, as suggested previously by Tigno et al. (1989) . The changes that extend well beyond the region of initiation, provide a mechanism for coordination of microprecise mechanisms by which ATP induces a conducted response have yet to be determined. However, initiavascular changes. The precise cellular mechanism responsible for the transmission of the conducted retion of the conducted response likely involves the binding of ATP to one of two G-protein-coupled receptors sponse is unclear, although electrotonic spread via gap junctions is likely involved (Berg et al., 1997; Christ et for ATP located on the endothelium, P 2Y and P 2U (Ralevic and Burnstock, 1996) , which then initiate a series al Duling, 1987, 1989) . Gap junctions, sites of low resistance on cell membranes, allow for of events resulting in local and conducted vasodilation. The mechanisms for the initiation of local and consignal transfer between endothelial cells and smooth muscle cells and at the myoendothelial junction (Segal ducted vasodilation are likely quite different (Dietrich et al., 1996) . and Duling, 1987) . Our data demonstrating that application of ATP into the lumen of collecting venules reIt is of interest that the vasodilator response we observed in second order arterioles following each applisulted in dilation of the feed arterioles are consistent with this hypothesis that the endothelial cells provide cation of ATP was not monophasic, as we have seen previously where application and measurement were the signal pathway, supporting earlier suggestions of made in the same arteriole (McCullough et al., 1997) mm/s, significantly slower than that observed for other substances (Segal and Duling, 1989) although similar but rather occurred as a series of several dilations, providing an oscillatory effect (Fig. 5) . The oscillations octo values reported by Doyle and Duling (1997) . Calculation of the distance that the signal must travel to procurred rapidly and, just as quickly, ended with diameter returning to its original prestimulus level. We found vide the first oscillation (the distance measured) and the last oscillation reveals values of 450 and 2077 mm, that the number of oscillations seen in a given experimental run coincided well with the number of third respectively. These estimated distances are well within the range of arteriovenous pathlengths determined in order arterioles fed by the second order arteriole being studied (Fig. 6 ). This result suggests that the vascular the retractor muscle previously (Ellsworth et al., 1987, and unpublished data) . It is important to note that this architecture plays a role in the conducted response with signals transmitted along pathways of different lengths calculation assumes that conduction through all segments of the vasculature is the same, which may or (Fig. 6) . The velocity of signal conduction in response to intraluminal ATP application is on the order of 47 may not be the case. ficient (D) for ATP (Ç10 06 cm 2 /s) reported by Hubley et al. (1996) , we determined that it would require ú16 min for the signal to spread by diffusion, significantly longer than the 8 -16 s observed in these studies. Even if one uses the diffusion coefficient for small molecules of 10 05 cm 2 /s, 101 s would be required. In addition, ATP arriving at the arteriole by diffusion would induce vasoconstriction (McCullough, 1997) , due to the preponderance of P 2x receptors on the smooth muscle side, rather than the observed vasodilation. As a result of these observations, we have ruled out diffusion as the means of communication in these experiments.
Systemic administration of L-NAME, an inhibitor of can induce a local vasodilation (Falcone and Meininger, 1997) , there is no evidence to suggest that NO itself induces a conducted response to a short stimulus Since oscillations are generally associated with vasomotion, we were concerned that the oscillations we had (Doyle and Duling, 1997) thus requiring some addiobserved were simply vasomotion or spasm induced by placement of the pipette. However, the response visualized was not as rhythmic and regular as demonstrated by others (Colantuoni et al., 1985; Funk et al., 1983) . On hamster dorsal skin folds, Funk et al. (1983) observed between 1 and 5 cycles per minute in vessels 40 -100 mm in diameter, with a mean amplitude of change at 20%. In the same vessel size range, we observed between 2 and 8 cycles at a rate of approximately 20 cycles per minute. In addition, applications of a control solution did not induce the oscillatory response, nor had we observed such a response in our previous study on arterioles (McCullough et al., 1997) . Thus, the response does not appear to be an artifact of the preparation further suggesting that path length may play a role in this oscillatory response (Fig. 6) .
Of additional concern was that the vasodilation we observed in the arterioles could reflect diffusive transfer of ATP from the venule to the arteriole as suggested 
Einstein's equation (t Å L
